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ABSTRACT 


An experimental investigation was conducted in Leg 1 of the GAICIT 
S x 5 inch Hypersonic Wind Tunnel to determine the heat transfer coeffi 
cients of the laminar boundary layer on a cooled flat plate at a nominal 
Mach mumber of 5e8. As a consequence of the investigation, flat plate 
recovery factors were determined and the effect of condensation on heat 
transfer was noted. In addition qualitative results as to the laminar 
boundary layer transition and separation are also presented. 

The tests were conducted with a ratio of wall temperature to ties 
strean temperature (T,,/T5) of approximately 6,23; but under stagnation 
temperature conditions ranging from 200°F to 285°F, The stagnation 
pressure range of 60 psin to 12505 psha provided a maximum Reynolds 
mmiber of 2.1 x 10°, 

A flat plate temperature recovery factor of 858 = .00! was 
determined, and it was concluded that the temperature recovery factor 
range of Mach number independence cowld be extended to a Mach number of 
5-8 The independence of the recovery factor on Heynolds number up to 
the beginning of the laminar boundary layer transition was also sub- 
stantiated, 

The heat transfer coefficients were obtained for a negative 
temperature gradient over a considerable portion of the plate, The 
effect of these gradients produced values considerably higher than would 


ae 


be expected for an isothermal surface. These results, when related to 


the constant temperature case by a theoretical calculation, were in zood 
agreement with the theoretical results and the results of a aicin 


friction investigation carried out at the same Mach number. The accuracy 
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ef the results was estimated to be 210% from a value of u/Re’ 2 pyl/3 2 
22856 | | 

There was no apparent effect on the heat transfer coefficient by 
condensation, but the adiabatic wall temperature appeared to be 2% lower 
than for the condensation free flow, Due to a step increase in thicke 
ness of the model at the ten inch station, the shock waveebowxary 
layer interaction appears to produce laminar boundary layer transition 
at @ Reynolds number of 123 x.10°, and upon reducing the Reynolds | 
number further, the transition point is subjected to an adverse pressure 
gradient which results in & boundary layer separations 
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Z. LWTRODUCTION 


With the advent of the gas turbine, high speed airplanes, missiles, 
and rockets, the problen of fluid frictional heating has become critical. 
Fran the realization that “aerodynamic heating" can result in an adiabatic 
surface tenperature rise of over 1000°F for a rocket which is at a Mach 
nunber of h, it is evident that from the structural, equipmental, and 
human standpoint the knowledge of the heat transfer characteristics of 
guch supersonic vehicles is imperative. Since these heat transfer 
characteristics are associated with the fluid boundary layer, a thorough 
investigation of the boundary layer, both laminar and turbulent, is 
necessary in order that the aeronautical designer will have sufficient 
information to carry out his mission. 

The problem of the mechanical ami thermodynamical interaction 
between high speed gas flow and a parallel surface has received cone 
siderable study for flows of low Mach numbers the results of these in- 
vestigations for the laminar boundary layer are swziarized in Refs. 1 and 
2. in the case of heat transfer through the laninar boundary layer on 
flat plates ami cones, for low Mach numbers again, the theory is also 
quite complete. Refse 3 and 4 summarize the results af heat transfer 
at supersonic speeds. | 

The experimental corroboration, however, of these theoretical ree 
sults, especially at the higher Mach numbers, is meager. The work 
of Scherrer and Gowen for a cone at Mach number 2 (Ref. 5), of Ever, also 
on cones with the Mach mmbers ranging fron 0.88 to he2 (Ref. 6); and 
of Slack who tested a cooled flat plate at a Mach nuber of 2. (Ref. 7), 
constitute the bulk of high speed heat transfer research. iio attempt 


will be made to present their resulis, since they are nicely summarized 
in Refe le Also in Ref. lL, Kaye stresses the need for eperinental heat 
transfer cocfficients, especially for Mach numbers in excess of 3. This 
is precisely the problew at hand, the eperinental heat transfer fron a 
laminar bouxlary layer to a cooled Tlat plate at a nominal Mash number 
of 5ebe 

In undertaking .an experimental investigation of this nature, there 
are always sovec‘al avenues down which to proceed, and in most cases these 
avenues lead to blind alleys, ‘This progran was no exception. There are 
also certain decisions which must be made in regard to the scope of the 
investigation and the methods to be used, 

One of these decisions was that of investigating only the Jaminar 
boundary layer, It is evident that to evaluate properly tie effects of 
"aerodynamic heating" the turbulent as wll as the laminar bowdary | 
layer should be investigated. However, due to the stability of the lan 
inar boundary layer ata Mach muaber of 5,8 and tie physical limitations 
on the model dimensions, it was necessary to Limit the investigation to 
just the laminar layers | 

it was also nesessary to decide whether to use a heated or a 
cooled plate. ‘The heated plate had the advantages of better control of 
surface tenperatures ond relatively simpler aceessories, but since it 
was necessary to have stagnation or reservoir temperateres in excess of 
200°F in order to avoid condensation in the test section, the problens 
of nodel construction for surface temperatures of 00°F « 900° were 
considerable. ‘Therefore, it was advisable to investigate the direct 
“aerodynamic heating" problem, ies, heat transfer te the surface. 


A flat plate model was chosen since existing theory predominantly 
considers this case, ani the design requirenents of the cooling jacket 
made such a model more practicable. In addition, the experinentation 
was coordinated with that of My Eimer's Plat plate skin friction inves- 
tagation (Ref. 8) which was also carried out in the GAIGTT § x 5 inch | 
itypersonic Wind Tumel, 
| The scope of the investigation was modest. It was simply to 
determine experimental hest transfer coefficients of the laminar boundary 
dayer at a nominal Nach number of 5.8 and to compare these coefficients 
with available theory and other experimental data. ilowever, as a con= 
sequence of the investigation, temperature recovery factors were evale 
uated, am! the effect of condensation on heat transfer was noted. In 
addition, sone interesting qualitative results in regard to transition 
and boundary layer separation are presented. | 

In swmary, this paper presents the results of an experimental 
investigation in the GALOIT 5 x 5 inch Hypersonic Wind Turmmel, leg No. 1, 
‘of the hoat transfer fron a laminar boundary layer to a cooled flat 
plate at a Mach mmber of 5.6 and the results are compared with availe 
able theoretical and experincntal datas 
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Ae Description of the wind Tunnel 


ee 


All testing was carried out in the GALCIT 5 x 5 4nch lypersonic 
Wind Tunnal (Leg No. 1), which 4s of the continuously operating closod 
return type | The required compression ratios were obtained with five 
stages of Fuller rotary compressors, ands when necessary, an aiditional 
Stage of Ingersoll reciprocating compressors. “The compressovs and all 
the valving wore operated ranotely from a master control panel (Cf. Fige 
1) located adjacent to the tust section, The air heating system con- 


| sisted of a multiple pass heat exchanger with superheated steam as the 
heating mediute “yhe capacity ef the ayetes was such that a stagnation 


tenperature of 300°F was obtainable at a stagnation pressure of Siel: psine 
| Q41 renoval was accanolished by Cyclone separators after each 
Gompression stage, finelysdivided carvon canisters, porous carbon filter 
blocks and a Goete-type molecular filter, The air used during the tests 
contained approximately 265 parts per million (ppm) of oi2 fog, by weight 
Water was renoved by a 2200@poumd bed of silica gel in the main 


adr circuit, which was reactivated by a nwilt-in bloworsheater-condenser 
System prior to each mms The maximum water content of the air was kept 


below 100 ppm by weight at all times, tho usual value being approximately 
22 ppt, The dew point ws measured at the beginning and end of each run. 
using a standard type carbon dloxidescosled indicators 

The tests were conducted at a neninal, Hach number of Sef, The 


“ nessle blocks were designed by the Yoelsch nethod with correction 


applied for the estimated boundary layer displacavent thickness. Static 


 —s @ontaining the coolant passageuayse "hese three components with an 


erifices at onewinch intervals in tne top and bottom nozzle blocks pere 
mitted a check to be mare with the original nozzle calibration on each run. 

A 32=tube vacuzereferenced manoneter (Cf. Fig 1) using DC-200 > 

silicone fluid was used to measure all static pressures, amd an atios= 
pheric referenced meroury microsmanameter wes used to measure the total 
"head pressures. Tunnel stagnation pressure was moasured with a Jate= 
Emery nitrogen-balanced gage and Uris pressure was controlled within aD, 
2,04 pst by means of a Miimeapoliseslioneywell Brown circular chart a 
controller. 

She Stagnation tempcrature was measered by a tlermocouple probe 
located one inch upstrean af the noznle throate This temperature was 
recorded ami controlled by means of a Minmneapolis+licneywell Brown circue 
lar chart controller. All other tenporatures necessary for plant opera= 
tdon were indicated on a 20epoint Leeds & Nerthrup recorder. The overall 

‘schematic diagtan including the heating systen is shmm in Fige 26. 


ase 


An optical system using a Bik steady source was used for the 
- Schlieren or shadow photographs of the flow. 
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The model consisted of three camponentes the stainless steel 
aerodynanic surface, the heat flow moter, and tho brass cooling jacket = 


overall thickness of .65 inches were cemented together with a bonding . 
agent and insulated from the tumicl side walls by 3/l6—inch silicone 


fiverglasse. The model spanned the test section amd was supported so 
that the aerodynaiic surface was coincident with the plane of symetry 
of the test section. Fige 3 gives the details of the model while Fige k 
shows the model mounted in the test section, 


Surface 


The aerodynamic surface was a & 5/6einch wide by 10 inches long 
by 1/10 of an inch thick stainless steel plate, lapped and polished so 
that the measured roughness of the plate surface was an average of one 
mieroinch from the mean profile. The final polishing was done with 
§,000 mesh diamond resulting in a surface emissivity of .070. Ten 
Copper=constantan thermocouples were imbedded .010 of an inch from the 
upper surface for the purpose of determining the surface tawerature. 
The location and details of the thermocouples are shown on Figs 5. The 
7° leading aige of the asrodynamic surface extended «70 of an inch ahead — 
of the heat neter-radiator assenbly. The ten coppersconstantan themo- 
couple wires were insulated from the steel plate by fiberglass cloth 
cemented to the lower side of the surface. A bakelite terminal sirip 
attached to the aft edge of the plate permitted the attaciment of 
heavier thermocouple wires which were connected to the leads from the 
measuring instrument by means of a leaketight Cannon plug mounted in © 
the tunnel wall, Fige 6 shows the details of this connection. Three 
orifices, at 23, 5, ami 8 inches from the leading edge, for the purpose 
of giving surface static pressures were also installed in the aerodynamic 
surface. These orifices wore located 1 inch off the centerline of the 
plates 


3e leat Flow Meter 


The heat flow meter (Cf. Ref. 9) consisted of three 5/8 inches 
wide ty 9 inches long by 1/6) inch thick bakelite sheets laminated toe 
gether, ‘The central sheet contained nineteen (19) 1/2 inch by 1 inch 
thermopile elementSe In ackditilon, two copprereconstantan thermocouples 
were installed for the purpose of determining the heat meter temerature. 
The Location of each themopile element is given in Pige 7. A bakelite 
teminal strip was attached to the aft edge of the heat neter and 
provided o moans of connecting the heavier leads fran the measuring 
instrument. ‘These leads passed through the tunnel wali in the sane 
manner’ as the surface thermocouple leas (Cie Fige 5). 

The themmopile clement consists of a series of thermocouples 
which are positioned so that one set of junctions ("hot junctions”) is 
in a plane adjacent and parallel to one face of the heat meter while 
the other set of junctions ("cold junctions") is placed adjacent and 
parallel to the opposite face of the heat meter. Heat flow through the 
meter will now yenerate an clectromotive forse due to the difference in 
temperature between the “hot” aml "cold" junctions of the themopile. 
By calibration of the thermopile elenente frou a mown heat source, the 
heat flux in Btu/hr = ft will be represented by a known voltage across 
the "hot" and "cold" junetions, 

The themmopile is constructed by winding (avout 120 turns) lios lio 
constantan wire onte a bakelite core. his is then siiver»pliated over 
one-half of the coil, which resulis in each junction between the plated 
and unpiated wire acting as a thernocowles in this way a large momber 
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of thormocouples connected in serics is obtained. Therefore, a small 


variation in temperature across each elenent will represent a substantial 


@eliele The clesente are thon inserted into the cut-outs in the center 
lumination, cormected to the copper wires leading to the heat meter 
terminal strip, and cemented between the top and bottom cover sheets of 
the heat meter. Fige 7 gives the details of the construction of a typie 
cal thermopile elenent. 


lis Cooling Jacket 


hb pending: desler’, contadsiing: tiv Wankanl pauemgeibnd au Fabel 
cated fron brass sheet screwed and cemented to the side and center 
stiffeners, it was deslgned so that the coolant entered the upper 
Bile ten Wong Pibtdnge an the tamed wads the seolent in Aten 


chanmeled both chorthvise and spanwise by means of baffle plates to holes 


in the center plate, allowing the fluid access te the lower section exit 
passaewayee The details of the cooling jacket aml the fittings in the 
tume], walls are shown in Figs. 3 axi 6. 


Ge Zest Gquipsent and Instrumentation 
t ture Meas 


In addition to the ten (10) thermocouples measuring the surface 


temperature of the plate and the tro (2) thermocouples in the heat meter, 


tao (2) copper~constantan thermocouples were installed in the upper 
surface of the tunnel test section. These taweratures were used in 
computing the radiant heat transfer to the cooled plate from the heated 
tunnel wall, Also recorded wore the inlet and exit tenperatures of the 


i. 
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coolant by means of thermocouples attached to the cooling system piping. 
All these temperatures wero measured on a |Sepoint iinneapolis-Honeywoll 
Brom Electronic self-balancing potentiometer (Cf. Pige 1) with a range 
of -100°F to 500°F and an accuracy of =2°F, 


2e__lieat Transfer Measurements ’ 


Since each thermopile element in the heat meter was calibrated in 
Btu/(hr = sq ft © millivolt) it was sufficient, in omer to obtain heat 
transfer rates, to measure the millivelt ovtput of each element. ‘hese 
voltages were measured on a 2)-point Mimeapolissiioneywell Brown Electranic 
self-balancing potentionster (Cf. Fige 1). The instrument ws equipped 
with ranges from 0 to 10 mv and 0 to 25 niv with an acouracy of =,02 mv 
and 3,05 mv respectively. 

Be Gooding Systen 

The coolant used for the tests was water obtained from the cone- 
pressor plant cooling system, The return line from the cooling towers 
on the roof of the Guggenhein Aeronautical Laboratory was connected to — 
a twenty-five gallon atmospheric reservoir adjacent to the tunel test 
section, The level of this reservoir was controlled by a balletyne 
float valve, Fron the reservoir, the uater passed through a Sarco water 
blender which was also connected to the building hot water system. By 
adjustsext of the water blender, the temerature of the water entering 
the model could be controlled to “12°F, Fran the water blender the 
coolant passed through the tunel walls and model to the inlet port af an 
B00 Engineering close-coupled PP=2i positive displacenent pump which 
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piryed the fluid back inte the compressor plant system for cooling. The 
yampiing rate throush the model was 600 gepehe ‘ 

By connecting the model on the suction side (25 inches of lige) of 
the pump, the pressure differential between the model cooling jacket and 
the test section, while the tunnel is rumming,was approxinately five pole = 
This feature permitted the use af the thin sheeted ecoling jacket. Howe 
ever, in order to protect the model from high differential prossures due 
to a pup failure, a second ECO pump was installed as a stand-by in | 
parallel with the first. ‘The second pup was controlled by means of a 
Minneapolis-Honeyvell Vacuuasiat mercury switch wicich switched on its 
motor if the model internal pressure rese above 22 inches of lige A 
pehematic of the cooling systen is sham in Figs 8, while Fig. 9 gives Be 
various details of the system. be 
| For the case of the zoo heat transfer runs, when no coolant was 
| aod, the internal pressure of the model, was reduced by by-passing the 
flow directly into the pump, but still Leaving the model comected to 
the suction sides 


D. Test Procedure 


Since the Oemf,. per depree and the distance between the thermo 
pile junctions are unimown, the thermal conductivity of the bakelite 


Janination meortain, and the conductivity slong the wire also untmow, 
the heat moter assenhly must be calibrated, 

The uwti<directional heat flow apparatus used to calibrate the 
heat meter was similar te that described in Nef. 10 and an “exploded” 


Li 


sketch of the components is shown in Fige 10. Nichrome ribbon (.010") 

is welded into a heating element and cemented to the surface of a heat 
meter, The heat meter and the thin heating elanent are then cemented on 
to a heating plate which is used as a guard heater. A very thin sheet 

of silicone fiber glass is placed over the heating element to electrically 
insulate the nichrone ribbon from the surface of the model, This 
assembly is then placed on top of the flat plate model, which includes 

the heat meter that is to be calibrated, and the entire "sandwich" 
securely claaped together. 

When the temperature of the thin heating plate is equal to the 
temperature of the guard plate, the heat meter betarecn the two heaters 
will indicate zero output, This means that all the heat from the heate 
ing plate is either transferred through the heat meter to the cooling 
element or lost from the edges. The edge loss is a function of the edge 
area i, the convective conductance, Los and the temperature difference 
between the edge surface and the surrowxiing air, Ate 

By adjusting the energy input and the cooling water rate, it is 
possible to bring the heat meter very close te room temperature. Taking 
the maximum tenperature difference allowed between the model surfacee 
heat meter asgenbly and the air to be 5°, the maximm error due to 
edge losses can be calculated. ‘he aise less, des may be expressed as 


% = £,Aat (1) 


In this case, £, is approximately one, A is .03 Sqe fie and At is the 
order of five, giving an edge loss of approximately 6.15 Biu/hr. The 
heat supplied to the meter being calibrated is about 60 Biu/hr, ‘hus, 
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if the edge loss is completely ignored, the resulting orror will be in 
the order of 0.30 por cent. If the temperature of the heat meter is 
kept constant and the heat rate through the meter is varied, the edge 
loss from the meter will be a function of the tenporature of the neter 
end will remain constant; therefore, the percentage error due to edge 
loses will be very smoll if the heat rate through the meter is very larges 
The power input to the nichrose heater was measured by a watt 
meter and the output of the heat meter elements by means of the Brow 


‘selfebalancing potentiometer, An average of several readings was used 
% calculate the calibration constant of each thermopile. The greatest 


Source of error is probably due to the nonemilforn contact resistance 


between the heating assembly and the model, 


Table I gives the calibration constants of the heat meter elements 
at a heat meter temperature of 120°, Pig. 1 cives the conversion con- 
stant for other heat meter tenperatures. 
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Binet a fixéd nestle ticck wes veel during the Lavestigntian, only 
@ small variation in Mach munber was possible. This resulted in having 
temperature and pressure as the only controllable parameters. In 
addition, due to the design of the cooling system, it wes advisable to 
held the temperature of the coolant constant. Therefore, the runs were 
made under various combinations of stagnation (reservoir) temporature 
ami pressure. 

The procedure for each heat transfer run was that the stagnation 
temperature (t,) was held constant and the stagnation pressure (p,) 


* f x . 4 a> ‘ A & abs ad 
varied from its matcimum (100 psig) to the lowest value at which flow 


coule be maintained (5 psig). The renges of Dp and t, were as follows: 
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Po * psige 
He me m2) 309 
ee ames 195 a 
3 215 2s als as 
% F 225 ee ~< cont 
aus 245 245 25 
te 265 265 265 
- 285 285 205 


The lower range of stagnation temperatures were for the purposes 
of investigating the influence of condensation. 

In order to obtain equilibrium comdiitions, it was necessary to run 
for a period of approsimately 2 hours before data could be taken, This 
equilibrium condition wos considered reached when the temperatures from 
the thermocouples installed in the model and the test section, and the 
output of the tiemopile elements in the heat meter reached a nearly 
constant Value. After each change in stagnation pressure, an additional 
steadying period was necessary. Upon reaching equilibrium, ali tenper= 
atures and heat meter outputs were recorded. At the sane time the model 
and tumnel wail static pressures were also taken. 


ge snsulated (Zere Heat Transfer) duns 
In order to calculate the heat transfer coefficient (h) fran the 


equation 
Ya = ht - TL) (2) 


4% is necessary to have, in addition to the wall tauperature ani heat 
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STI, THEORY 


Since the theory of the lainar boundary layor on a flat plate 
with sero pressure gradiont is well Imam, = nih pe to oma 
this paper. lower, for completeness, a sumary of the laminar boundary — 
"Layer oqutions ith sone of their solutions, as voll es the omations , 
nent Srecetecy| mem ahve Sm Appel he mt 
The jurtietcation that te bowdary lever appracinations are 
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Ag Prossume and Mach Number Distribution on Mlat Plate Model 


le Pressure Distribution 


The surface pressure ratio distribution p/p, obtained from the 
plate static pressure orifices is shown for the case of a stagnation 
pressure of 9565 paia and a stagnation temperature of 265° on Mge 12, 
this distribution is representative of the various combinations of 
| stagnation pressuros and temperatures. The maximum variation in pressure 
ratio is 0k which for the case show is 1.95 per inch over the after 
portdon.of the plates however, the variation is much Jess over the for~ 
ward portion. This is typical of the mns at the higher stagnation 
‘pressures an’ can be the result of the rear orifice being in the transi 
tdon region. Also shom in Fig. 12 is the distritution of p/q which has 
about the sane percentage variation as p/p, 


2, Nach Imber Distribution 

The distribution af Mach mmber alone the plate is also sham on 
Pige 12. The maximm variation of Mach mmber is .06 or 1.03%, Thus, 
theoretical results for flat plates should apply since the local free= 
stream Mach mumber, cr velocity, is essentially constant. 


Be Surface Temperature and leat Transfer Rates 
1. Surface Temperatures 


Pour surface teuperature distributions in °F are presented in 


al 


_ @erivatives in tamerature is important, since they represent en 


Fige 13 for stagnation proseures of 11505, 9565, Tes, and 60,1); pounds 
per square inch absolute. The stagnation temperatures varied from 265 r 
for 2 stagnation pressure of 125.5 psia to 225°F for a stagnation pressure 


of GO psing These are representative of 211 the data obtained. Fig. 


13(a) shows data for conditions such that the boundary layer appears to 


be Laninar up to abort 7) inches where the beginning of transition is 


indicated by a sudden rise in surface temperature axl heat transfer 


:. vaties On Fige 15(d) the indication is that tho position of transition 
hag moved domstrexs to about the Yeinch station, This is shown more. 
graphically, later, in the presentation of the heat transfer coefficianta. 
-— Renination of the terperature distribution chows that over the first 
rs ‘tdird of the plate the temperature decreases with nearly a constant | 


| gradient, while over the canter thiml of the plate the value of the wall 
~ teaperature is marly constant, bub possessing a second derivative with 


respect to length. Over the last two inches of the plate the velues of 


the temperature increase and the first derivative also is variable. 
in afidition te the tomparature distribution having second dere 
ivatives with respect to the chordwise distance, at the higher stagnation 


. pressures anc temperatures, the spamise temperature distribution on the 
after portion of the plate also has second derivatives with respect te 
the sparntise distence (Cf. Figs Uj). The forward portion of the plate, 


om the other hand, is practically Seothernal spamrise. This appears to 


be due to the contamination of the surface by the tunnel sidewall boune . 
dary layor which raises the surface temperatures near the twmel wlls 


and increases with distance chordwise. The existence of these secon! 
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aijustment that must be applicd to the measured heat transfer rates due 


t© conduction in the surface plate. 
2e jimat Transfer ates 
ee ee ee ed 


‘the heat flow rate into a wit area of the heat meter, for steady 


State coxiltions, is given by the equation 


Wales 7k (Ty a Ks6 5 (35 + =) - mattis 


zee 
= f 
4 “The first tom on the right side of the equation represents the 
a £3 
tive heat toaster fron the boundary layer. Appamiix A cives the ¢ der: "Le 
ala = on of this relationship, ‘The second tem reprosents the nea’ Hho 4 
} to corkluction in the surface pluie, k, and 6,, are the thermal ¢ 
Jpaed and thickness of the surface plate rospoetivelye ‘The 
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| and upper nose blocks 
og Since the heat flow rate represented ty lige 3 te the vale OK acu 


- a6} 
ed ty te bet fav meter, the ewtmction of the last two tems must 


wut 


ed rs 
nade in omer that the heat transfer coefficient ean be properly ¢ ra 


.., in order that the conduction tem can be written aa slow and | c 
oF a8 an integral, the assumption is that A4/ay is eonstaxt acreco the 
| Bsincas of the swrtace state Unis appears valid since the plate io 
ty terbaheabenieerman bodeten 

walle The chortle taxerature gradient was constant over the firet 
| ind of the plate, so the conduction tem is tere. Over the second | 
“thind of the plate, the contribution we primarily due to the derivative aa 


4 aps, wiuile over the last tiie of the plate, the contribution wep Bet 


a i 
» 


oa 
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due to both amy fax amd 0 2 fg a7. Over the last third of the plate this 

adjustment became as large as 20 per cent of the heat transferred. The 
effect of heat coxluction in the heat meter is negligible, since the neat 
meter thickness is less than half the thickness of the surface plate, and 
the thermal. conductivity of the meter naterial (bakelite) is 0134 Btu/hr ved 4 
; @ f « % as comorcd to the stainless stecl surface plate whose themal 
conductivity is 9. Biufnr e ft 8, This neans that for the sane i 
"temperature veriation, the value of heat transferred due to conduction in a 


the heat ueter is less than 1% of the heat transferred fran the surface Oe f 
| : : | The heat transferred due to radiation fron the nogzle blocks al i | 
Bees serie nay be onloulated fron the equation fren Mokdene (Ref. 13) 
 Winioh for this particular ease is 


c(h = eo) 
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where o is the Stefan-Boltenann constant = .173 x 10” 5 tue? = tr (Oy 
 €y is axissivity of nedel surface = 07 

Eg is axissivity of noasle block = 13 

¥,5 is factor for position of two parallel walls © 285 

T, is model surface tanperature ° 
2, 4g noszle block surface tawerature 2 


| Dus to the heat transfer trough the test section nozzle bilocic, © 
| the surface temperature of the block never exceeded 150°F. So for the 

| “extreme case of T, = KOR and T, © 610°R the heat transfer dus to 

o _— Radiation was q/A © 2675 Beu/hr = ft" which is less than lf of the heat 
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transferred for this comlition, Therefore, the radiation effects were 
neglected. 

Thus, only the contribution dus te comluction must be computed and 
subtracted, The q/A distributions resulting are shom in Fige 13. 


These distributions are representative of all the data. 


Ge _ Temperatune-iccovery Factors 
de Evaluation of Temperature Recovery Fastor 


The average experinental heat transfer rates adjusted for the 
Oonduction term are presented in Fige 15 as a function of the ratio of 


‘gurface temperature to stagnation tamerature for four values of staye 


nation pressure. For each position along the plate, the data points are 
Sextet very usoriy es a straight line. This indicaies that, for the 
fangs ef surface temperature and stagnation temperatures involved, the 
heat transfer coefficients are indevemient of the surface temerature 


 @& the temperature potential causing the heat tranefer. Due to the 


greater heat transferred to the botton of the model, it was possible to 


obtain negative (heat transferred from the plate to the fluid) heat 


transfer rates for every thermopiie elenert exceot at the 9e45-inch 


station, This permitted the immediate detemination, except at the 96li5- 


inch-etation, of the 7_/i, ratdo for the conditéen of sero heat transe 


fer. For the case of the 9,/i5-inch station the resulting curve had to be 


extrapolated to the zero heat tranefer condition. 
Knowing the ratio of T/T,» the recovery factor can be caleu- 


lated from the equation 


nea, So 


am aoe To - Taw 2 vs 
n ‘ 7% sae 4 1 (5) 


Paige 16 presents the temperature recovery factors as a function of 
Reynolds mumber, This Xeynolds number is based on the digiance fran the 
leading edge of the plate and on air properties evaluated at the free 
stream static temperature. Fige 17 gives the leynolds number per inch, 
and Pige lf the air properties (Cf. Ref. 1) used throughout the cane 


_ patations, The data indicate that the temperature recovery factor for 


the laminar boundary layer is essentially a constant value of 0.858 = 
6 
200, up to a Reynolds mmber of 1.2120. For the transitéon zone 


‘whigh extends froa a Reynolds number of 1,2 to 2e2 million, the recovery 


factors mihlbit considerable scatter. The apparent cause of this 


 gmeatter will be explained in a subsequent section on transition. 


SS aS a oS. - 
Ln eee ’ , 


2e_ Correlation with Theory and Other Ibporinontal Data 


In the usual treatment of laminar boundary layer theory, an assumption 
is made to the effect that the Prandtl number is independent of the 
temperature of the fluid, By this assumption, the taworature recovery 
factor can be closely approxinsted by Pr’2, For the present invesile 


gation the value of tho Pr? varies from «02 to .832 wien based on 


the free streai and the average adiabatic wall temperatures respectively. 
In reality, some intermediate temperature should be the basis of the 
Prandtl muiber evaluation, but this temperature cannot be explicitly 


- determined from the existing theories. The present experimental value 


for the recovery factor lies betwoen pryW2 axl Prag 2, though closer 


es » 
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to Pr V2, This result of r = .858 may be slightly high, in that it 
‘appears fron review of other experimental data (see below) that the 
adiabatic wall temperature has the greater influence when evaluating the 
Prandtl number's 

On comparing the experimental value with other experiments con- 
ducted at lower liach numbers the agreement is favorable. Wimbrow, Stone, 
and Scherrer, des Ches and Sternberg, and Eber, testing cones up to a 
Mach number of h.5, have recovery factors lying between 0.855 and 0,055. 


-*Phe Massachusetts Institute of Technology tested a flat plate and also 


obtained a recovery factor of 0665. However, Slack, ami also Stalder, 
Rubesin and Tendeland, testing flat plates at a Mach number of 2eh; 

found recovery factors of 0.68, which is somewhat high in face of the 
previous evidence. All the above data are sumarized in Ref’. he 

| Therefore, it appears that the present investigation coufirms the 
laninar recovery factor of 0,05, and extends ‘ite range of Mach muber 
independence up t© a Mach number of 5,5, This is also predicted theoreti- 
ally fox hypersonic Mach mmbers in Ref. 15. Also substantiated is ibe 
independence of the ianinar recovery factor on Heynolds number up to the 
beginning of transition of the laminar boundary layers 


Be Heat Transfer lesulig 
of Heat T Coef or 


The heatetransfer coefficients calculated fran the experinental 
‘data are presented in Fige 19. The calculations were nade from qe 2 


g(/A 2h (Ty + Tass) 
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These results were obtained from tests at 115.5, 9505) 75e5, and GOel 
psia stagnation pressures and stagnation temperatures varying fran 225°7 
to 286°, For the run at 60. psia, the boundary layer was laminar over 
nine inches of the plate and the heatetrausfer coefficients decreased in 
Value with increasing distance along the plate. At the nine inch 
station the heatetransfer coefficients begin to increase with increasing 
distance giving indication of the begimulng of transition. With an 
increase in stagnation pressure, the position at which transition begine 
moves upstrean, and at a stagnation pressure of 11565 psia it is near the 
7g-inch station, This is consistent with the temperature recovery 
factor data. However, the t«mperature recovery plot indicates transi~ 
tion begins slightly ahead of the 7}-inch station, but the agreenent is 
within the range of the axperincnial accuracy, Since the heat wansfer 
coefficient is a function of Neynolds number, the scatter of the experi«~ 
mental data can be partially attributed to the varying Reynolds nunbers 
resulting from covering a range of stagnation temperatures at each 
stagnation pressures 


In Apperdix A, it is showm that the local heat transfer coefficients 
he 
an dimensionless form can be related toe local skin friction by the 


expression | 
ye, a W3 . Cp nel? Pe » (6) 


If the data ae presented as lu/e pel3 as a Puxctdion of Reynolds 
mmber,a correlation with other skin friction and heat transfer resulie 
is possible. Fige 2) presents the experimental data in this form and they are 
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compared with other axperinental and theoretical curves from Refs. 8 and 
16. These dimensionless representations are af general. value only for 
resulte obtained fron a surface with a uniform temperature, ‘ihe present 
results, however, are obtained from a surface that is not isothicrmal so 
cannot be compared directiy. in order t make the proper correlation, 
the present results must be related to the case of the uniform tenperature 
platee | 

Two methods for effecting this correlation were investigated. One 
was that given by Chapnan and Rubesin in Ref. 16 and the other wis that 
of Lighthill in Ref. 17. The Chapman-Rubesin method required that the — 
temperature distribution be expressed in a power series in distance 
along the plate. This wasrather difficwlt to accomplish for the distrie 
butions measured, Lighthill's method, on the other hand, reduced to a 
problem of numerical integration which was easily computed. Figs 20 
gives a representative curve of the ratio of the heat transfer coefficicnt 
witha temperature distribution to the heat transfer coefficient of an 
isothermal plate as a function of the chordwise distance along the plate. 
Also shown, for oompariaon,’ is the sane ratio canputed from the nethod 
of Chapman amd Rubesin, where the surface temperature was expressed as 
@ fourth degree polynanial, The agreemmt is good over the center 
portion but diverges over the leading and trailing portions of the plate. 
In each case the tanperature at the leading edge of the plate is cone 
sidered as the adiabatic temperature. This assuaption is reasonable, 
since the plate is weooled at the leading edge, avd an extrapolation of 
the neasured temperature data to the leading odge checks very closely 
with the adiabatic value. Appendix A presents the complete expressions 
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used in dotermining the Lighti21 relationshipe 
e 22 presents the heatetransfer correlation fran Fige 2 as 

related to the case of an isothernal plate. The scatter of the data is 
within 210% of the value liu/re¥2 pyV3 « Oe255. this checks, within 
the scatter, with Eimerts (Ref, 8) skin friction measurenant of 
Cy neh 2/o = Ce27 made at the samo Mach nwtber of 5.8. This agreenent 
is very good in that his resulis wore for an insulated plate aft s = Geb 
while the heat transfer case is for T/T ~ 6.2. This value, however, 
i9 10% below that of Chepnan and Rubesin (Ref. 16) computed on the batis 
of the viscosity used in the present investigations At a Reynolds num 
ber of 1.6 million the begining of transition is indicated by the s sharp 
inerease in liu/e PrV3 wich was as indicated in the curves of heat 
transfer coefficients. Sn a ee ae eed ee 
static temeraturee 

The results then indicate that, within accuracy af the experie 
ments, the relationship between heat transfer and siin friction as pree 
dicted by the laminar boundary layer theory is valid at a Mach mmber 
of 5.8, 


de transition 


48 previously discucsed, the experinental data indicate that a 
transition fron the laminar boundary layer begins in the Reynolds mmber 
range of 1,2 + 1,5 million, This is below the results of a preliminary 
investigation carried out in the GALCIT § x § inch Hypersonic Wind Tunnel, 


' 
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on a long flat plate, Testing this 28-inch plate at approximately the 
game Raynolds and iach numbers, there was no indication of natural 
transition at the 10-inch station, The method of transition indication 
was by means of fluorescent lacquer. Therefore, some explaiation is 
required for the present data. 

Examination of the photograph of the nodel, (Fige 4) shows that a 
shrovd cover beginning at the ten-inch station and extending dowstrean 
4s installed, Prior to installing this cover plate, the wake off of the 
thermocouple and heat meter terminal blocks, and from the leads then~ 
Selves, was of such magnitwie that supersonic flow in the tunnel could 
not be established. ‘he addition of the cover reduced the turbulence 
to euch a degree that supersonic flow was possible. The thickness of 
the shroud, however, resulted in an increase (.065") in the model thicke 
ness at the tan~inch station, and it is this step in thickness which may 
‘eause the transition, It 4s believed that the shock wave, associated 
with the flow deflection over this step, interacts with the laminar 
boundary layer causing some transition upstream, This effect, however, 
needs further investigation before it can be positively stated that such 
is the case. llotwithstending the cause of the transition, the present 
investigation shows that the use of the heat neter as a transition indie 
cator is excellent. It is aaall, rugged, extremely sensitive nd can be 
used for conditions where pressute neasureuents are not feasible. 


2o Comlonsation Effects on Heat Transfer 


An attenpt was made to determine the effect of comlensation on 
the heat transfer coefficiarts, Runs were made at a stagnation tan 


perature just below the comdensation-free tenperature and then were 
repeated at a temperature just above the condensation-free temperature. 
Within the accuracy of the measurements, there was no difference in the 
heatetransfer coefficients. However, the ratio of T/T, for zero heat 
transfer was 2 lower for the case with condensation than without condene 
@Gation, This is partially substantiated by the analysis of Ref, 8. 

Se_Flow Separation 

In reducing the stagnation pressure in order te make runs at 
lower Reynolds nmbcrs, it was noted that at a pressure of about 2 psig. 
there wes a sharp increase in surface static pressures and the heat transe 
fer rate. Investigation, by means of the Schlieren system, showed that 
at these lower pressures, a separation of the lawinar boundary layer 
Mie geetann of ttm phate was oceurrings Fige 23 presents the 
Schlieren photographs of the boumary layer just before and after separa- 
dein, 

A review of the other experimental data provides a clue to the 
cause of this separation. Fron the heat~transfer coefficient curve (Fige 
29), it can be seen that a reduction in stagnation pressure results in a 
dGowastrean movement of the transition region, At a’ stagnation pressure 
of 4S psig. (60.4 psia,), the beginning of transition has moved almost 
to the end of the plate. By further reducing the stagnation pressure, 
the transition point seens to move to the junction of the surface plate 


and the cover shroud, low if the pressure is lowered below tiris value, 


 qnd 4f the transition point trys to move up over the cover plate, the 
Ptesence of the adverse pressure gradient associated with the flow over 
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the junction may be of such oagnitude that a separation results. 

When the flow separated, there was a rapid increase in the heat 
transfer rate and the surface static pressures, This increase becomes 
as larce as 300% in both cases. Tho comiition after separation (Figs 
23(b) ) was extranely stable, and the boundary layer could not be 
reattached to the plate unless the stagnation pressw'e was increased to 
overt 60 peige . 
ig Due to the model configuration and its mounting in the tunnel it 
Was not possible to investigate this problem completely at the present 
"time, However, it seems to be of sufficient interest that further stuty 
ig warranted. 


Ve CONCLUSIONS 


The present investigations provided the following evidence as to 
the behavior of the heat transfer characteristics of the laninar bowxlary 
layer at a Mach number of 5.8: 

1. The heat transfer coefficient (h) computed from the Newtonian 
equation q/i = h (Ty, - Tay) is independent of the temperature potential 
causing the heat transfer. 

@e The temperature recovery factor for the lauinar boundary 
layer was .058 which, when compared to the bulk of previous experinents, 
- extends the range of Mach mecber independence of the temperature recovery 
factor to a Mach number of 5.8. The laminar recovery factor being 
independent of the Reynolds number up to the beginning of transition 
was also substantiated. 

3- The heat transfer coefficients obtained with a negative 
chordwise temerature gradient can be as much as 60% higher than the 
coefficients resulting from a surface at constant temperatures 

. Heat transfer results when referred to the case of an iso~ 
thermal plate give a value of .285 for the nonstimensional heat transfer 
paraneter Tu/tte2 pr¥3, the estimated accuracy of this result being 
410%. when compared to the theory and to the skin friction expcrinents 
en a, the theoretical relationship of 
wu/reW2 prWV3 « ¢, 2 fy appease valid for the laminar boundary 
layer heat transfer at a Mach mmber of 5,8, 

The investigation also provided some evidence as to: 


‘ 


1. ‘he possibility of forcing traucition at a comparatively low a 
(162 x 10°) Reynolds number by the presence of a shockwave howntiaey, 
layer interactions 


2, The effect of condensation on the tenperature recovery fac mem, 


“which it lowered, and on the heat transfer beam hexangag which remained ii, 
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SUMMARY OF THE LAMEVAR BOUNDA:Y LAYES AND HEAT TRANSPER GUATIONS 


Ae Bouxlary Layer fquations for Flat Plate 


de General Formiation of Problan 


Convective heat transfer like fluid (sicin) friction is considered 
a boumlaryelayer phenomenon, ani it is asgumed that the heat passes to 
the fluid by molecular conduction through a laninar layer which is 
- always present immediately on the surface for a continuum regione 

lio attempt will be made to derive the boundary layer equations in 
this paper, as the derivation of these equations are wall, know ant enn 
be found in many references, However, the general problems and the 
historical progress in the solutions of these equations will be presented 
for the purpose of completeness. 

The characteristics of the laninar bouwwary layers of temperature 
amd velocity for an infinitely thin flat plate placed parallel to the 
fluid stream are found ty the simultaneous solutions to the following 
conservation of mass, momentum, axl energy equations, which are for the 
Case of no pressure gradiont along the plate, iste, ap/axX * Os 
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with the boundary conditions 
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(ice., assumption of infinitely thick boundary layers at x—-~0o,) ‘these 


equations are the result of applying the boundary layer approximations 


to the comlete conservation of mass, momentum, and energy equations. 
The justification that these approximations are valid for flows at Mach 
mmber 6 are given by Li and Naganatsu and by Lees in Refs. 12 and 12, 
- Tt wil be noticed fran the manner in which the equations are 
ee een Co 2 Xp OS O. nay wary Vhrenghn the mgien of ne 
gration, thus making the equations perfectly general for the case of 
gero pressure gredient along the plate, The second term of the right 
member of Eqe (A=3) is that which accounts for the dissipation of mechanl- 


cal energy into thermal energy by the viseous forces prevailing in the 


The nature of these equations and the boumxlary conditions are 


@uoh that a certain sinilarity exists with respect to a variable nade 


up of temms such as y/x", were m is a positive constant. The boundary 
Conditions remain the sane whether by variation of x and y, the variable 
approaches zero or infinity, also it reduces the partial differential 

equations to total differential equations which can then be integrated. 
An excellent review of the mathematics of the various solutions to these 


equations is given by Je A, Lewis in Fef. 18. 


Solutions to the Boundary Layer Equations 


A gumary of the solutions of the laminar boundaryelayer equations 
for a flat plate in compressible (air) flow, taking into accowt the 
temperature variation due to conduction aml frictional heating is given 
by Rubesin and Johmson in tef. 1. in general these amlyses always 
assumed a constant valve of Prandtl] number and an approxiaate expression 
for the viscosity variation with temperature. Thus, the applicability 
te a wide Mach mumber range is questionable. von KArm4n and Tsien in 

Ref. 19 treated both the insulated plate and the heat transfer cases 
“with Mech mmber as high as 10. ‘They assuned Prandt) number invarient 
with temperature and viscosity exponents of Oe7b. 

Brainerd and Emmons (Ref. 20) examined the insulated plate case 
“with Mach nuubers up to 3.16 and used Pr © 0.733 and w = 0,768, Crocco 
(Raf. 21) obtained solutions for both insulated plate and heat transfer 
eases, assuming Pr © 0.725 and © © 1.5, 1.00, «75, and 090. Hantzsche 
and Wendt (Ref, 22) also treated the insulated plate ani heat-transfer 
cases with Mach nuaber up to 10. They oxanined two combinations of air 
"properties: optional Prandtl] nunber and w = 1,6, ami optional @ and 
(Pr © 1.0. Cope and llartree (Ref. 23) used Pr = 0.76, © = 0.89 in their 
investigations. 

More recently using Crocce's nethed of hand calculation, Van 
Driest (Ref. 2) obtained results for Pr * 0.75 and a Sutherland law of 
Viscosity-temperature variation, 6 * 0.505, for the heat transfer plate 
and the insulated plate with a constant value of specific heat at con~ 
stant pressure assumed. Young ami Janssens (Ref. 25) and Moore (Ref. 26) 


ai eet, ae PT 


ee ee 
’ 


Ww 
~ 


solved the reduced boundary Layer equations in integral form using a 
differential analyzer with the experimental values of air properties. 
Moore also included dissociation at higher tenperaturese 


Be lisat Transfer Equations 


In Ref. 3, Johnson axl Rubesin swimarize the equations for the 
heat transfer of the laminar boundary layers however, again for canplete= 
ness, these equations will be included. The following presentation of 
the development of the heat transfer equations is essentially that af 
Refs 3 


he Newtonian Heat Transfer Equation 


In the usual treatment, the heat rate is taken as proportional 
to the tenperature difference between the surface and the ambiant fluid. 


‘Thus, the rate of convective heat transfer is 


%% = KEE ) ec - 4 (T,- Tr) (ak) 


with the heatetransfer coefficient being defined as 
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where 2, = wall temperature 
T5 = free stream tenperature 
A * area 


Ze Nusselt hiunber 


Howover, for the purposes of correlating the heatetransfer data 
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in dimensionless form, Eqe(A-5) is written in terms of the Nusselt number, 
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Using this definition, Nefs. 27 and 28 show that from the steady-flo 


energy of a fluid and for a given geometrical system that 


Of the fivo dimensionless variables in Uqe (A=7), only three, Nu, Re, and 
Pr, normally appear for heat transfer since If and oT aa/ Cr, -T>5) are 
Substantially zero for low velocity flow. Consequently, the Nusselt 
Siaber ami in tum the heat transfer esefficient h, are iniependent of 


the temperature potential - Ts) which is a necessary requirenent in 
omer that Eqe (An) may conveniently represent the rate of heat transe 


fer, At itigh velocities, however, the temperature factor ATag/(T, = Ts) 


in Eqe (a7) is finite, and Nu is dependent on the temperature perennials 
thereby destroying the wefulnmess of Eqs (Ami)e 
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In order to deduce a heat-transfer equation in which the ten 


perature potential and heatetransfer coefficient are independant, con- 


sider the follaing: 

; Suppose that an insulated plate 4s placed-in a high velocity 
stream, the rate of heat flow and consequently the temperature gradient 
with respect to the nomal to the surface must be sere. Pohlhausen in 
Ref. 29 has show that the resulting tenperature distribution is such 


oe 


that the tanperaturs of the fluid adjacent to the plate exceeds the free 
stream Value. The temperature which the plate (and the fluid in contest 
with the plate) assuncs is designated as the "adiabatic surface teme 
perature", 2 oy? 

| If the plate is heated or cooled, then the temperature of the 
plate will differ from the adiabatic temperatures; and since heat is being 
transferred to or from the fluid, the tanuperature gradient with respect 
to the normal is no longer ZeT0s 

Iti is legical then to axpress the convective heat transfer with 

frictional heating by 


ya = h (+ T_) | (A#3) 


where h © heat transfer coefficicnt with frictional heating 

(1, = 1,,,) © modified tenperature potential 
In order to establish the usefulness of Eqe (A~8), it is necessary to 
investigate the relationship between the adiabatic surface tasperature 
and the coefficient he 


Le Recovery Factor 

Considering Ts first, it can be. seen from Eqee (A#-6) and (A-7) 
that when the plate is insulated, isos, 1, = T,, and @/ay), 5 = 0, 
Ege (A@7) reduces to 
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_ oP defining the temperature difference ratio as the "recovery factor" r 


Taw ~ 75 
r= gw /5 he 
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A lmowledge of the recovery factor r is then a necessity to the detere 
mination of the modified temperature potential (iy, - T..,) and is treated 


. independently of the heat transfer. 


For laminar flow along a flat plate, the recovery factor has 
been evaluated analytically ty several authors (Refse 21, 22, and 29) 
and these results show that the recovery factor is independent of 
Reynolds mmber ani Mach mmber, for the range in Mach mumber where 
disassociation is not present, and is well represented by 


r= pyWe2 {A=11) 


Because the Prandtl] number was maintained as an independent parancter 
in the various solutions, no seans of determining the reference teu- 


‘perature at which to evaluate Pr is possible from these solutionse 
However, the numerical solutions of CreccoConforto (Ref. 30) showed 


that for Pr = 0.725 the recovery factor was 0085. Young and Janssan 


in Ref. 26 showed that the recovery factor has a value of .851 and .Sh2 


for a Mach number of 4.23 and 602 respectively, with the ambient 
temperature being 100°, 


Se Convective Heat Iransfer Coefficient with Frictional Heating h 


The heat~transfer coefficient with friction h has been investie 


‘gated theoretically for Laminar flow over flat plates in Ref, 31 and it 


was show conclusively that it is independent of the nodified tenperature 


potential and is identical with that for low speeds as evaluated for the 
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Relationship between Nusselt Number and Friction Coefficient 
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The expression for the relationship between the local Nusselt 
number and the local friction coefficient is 


ae ™ ri rT aad ae hg | (AwL2) 
where the subscript x refers both to a characteristic length x, neasured 
along the length of the plate from the leading edge, and to local values 
of all quantities represented in the equation. All of the propertica, ¥ 
| dneludin: density in the defining equation of local <i; are based on 
the sane temporatures The derivation of Eqe (A-12) is given in lak Le 


72 deat Transfer with 2a Surface leuperature Distribution 


Most theories. consider only the case of a plate with a constant 
surface temperature; however, Chapman aml Rubesin (Ref, 16) and Lightiill 
mi (Ref, 17) treat the problem of a variable surface temperature. In 
> Ghapman and Rubesin's analyses the surface temperature is expressed as 
 @ power series in the plate length parancter x Jighthil12 on the other 
hand does not make this restrictions 
Since most experimental results are for the noneisothermal plate, 
it is necessary to refer these results to the isothermal case before a 
proper correlation with most of the theoretical solutions can be madee 
The method used in this investigation was that of Lighthil's, The 
@xpressions used are as follows: 
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For the flat plate, Lighthill's solution (with the constant 


multiplier reduced 2 per cent) is: 
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which for the case of 1, = constant, reduces to 
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Since we define t's Nusselt mmber as 


. (My)x 
Na = 
K(Tw- Taw) 
The ratio of. the heat trausfer with a tenperature distribution 


to the heat transfer for an isethermal surface can be expressed as 
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Soe, from the temperature distribution on the surface, the ratio of the 
- heat transfer rates reduces to a problem in numerical integration, 
Fige 21 shows a representative chorthrise distribution of this ratio. 
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APPENDIX B 


EXPER IMENT(L ACCURACY AND REPEATABILITY 


The estimate of the accuracy of the final results is based on the 
accuracy and SOpONAOEAI I of the individual measure@nents. The esti- 
mated maximum error or repeatability of the individual measurements is 


as follows: 
Measurenent Estimated Maximum Basis of Estimate 
Static Pressure = p | ely mm of silicone Reading Error 
Stagnation Pressure +P, less than i Calibration of Tate 
Enery Gage 
Stagnation Temperature = 7, =r Calibration of I, Prove 
Surface Temperature - T,, 23°F Calibration of Model 
‘Heat Transfer fate = G/A =o% Maximum Spread of Gale 
ibration Data 
AdZabatic Wall 234°r Accuracy of Temperature 
Temperature = tae Measurements and 


Spread of q/A Data 


The accuracy of computed values based on the errors of the 
individual measurenents is as follows. ‘These values were computed by 
the method given in ef. 32. 
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Details of Tunnel Wall Fittings for Coolant and Electrical Leads 
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Cooling System for Heat Transfer Model 
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FIG. 15 VARIATION OF HEAT TRANSFER RATES WITH THE RATIO 
OF SURFACE TEMPERATURE TO STAGNATION TEMPERATURE 


q/A, Btu/hr.-ft* 


280 


240 


200 


160 


N 
Oo 


(ee) 
oO 


40 


DISTANCE FROM L.E. 


O 
A m=) 4.45 IN, | " 
Qa x = 3.45 _ IN. 
fe) = ; 
-40 x =.7 45 IN 
+ x = 945 IN. 


0 19 80 85 .90 95 


(b) STAGNATION PRESSURE, 955 psia 


FIG. 15 CONTINUED 


q/A, Btu/hr. ft? 


240 


200 


160 


120 
80 
40 
0 DISTANCE FROM L.€E. 
4 x = 1.45 IN. 
Oo av= 345 IN. 
O x = 7.45 IN. 
-4 
° © x = 9,45 IN, 
-80 


10 


To 


(c) STAGNATION PRESSURE, 75.5 psia 


Flé. 15 CONTINUED 


160 


140 


120 


100 


0.9) 
O 


Btu/hr. ft.2 


o 
Oo 


q/A, 


40 


20 


DISTANCE FROM L.E. 


1.45 IN. 
3.45 IN. 
7.45 IN. 


(d) STAGNATION PRESSURE, 60.4 psia 


FIG. 


IS 


CONCLUDED 


SYOLOVS AYSA00SYH JYNLVYAdWSL IWIN3SWINSdxS 9! ‘Sls 


Say ‘YSEWAN SGIONASY 


gO! * OF OO? Ol 6e-a Sars: 4 ‘Sy co 


O08 


moe ee Ce enrol 
DisdGg, o 

vise GGG ca “a cs v6 
oisdgcil v 


1, S3YNSS3Yd NOILVNOVLS 


4MOLODV4S AYZAOODSY ZYNLVYSdW3L 


96 


86 


70 


O¢| 


Od! 


youl / 3y 


Oll 


t 


bisd =°”d 


OO| 


YSEWNN SQIONASYH WVSYLS 


“JYNSS3Yd NOILVNOVIS 


4383 


2\ Sis 


v| 


8 


iq) 
N 


O 
mM 


Yad YSEWNN SQIONASY 


“HONI 


»-Ol X YoU! / ay 


COMPUTED FROM REF. 14 


S 


bee 
— 
a. 


SEAS 
ee 
= 
bal 
ae 


: 


PANS 


i eee Pte UNG 
Sere iea 
iti 
Fein 
Pielec 


Z| 


Kg=.00I80 Btu/hr.-ft-°F 
bg=.3806x10"’ slugs/ft-sec. | | 
Cp= Btu/Ibs.- °F ais 
Pr= 3600 gftCp/K 


100 1000 
ABSOLUTE TEMPERATURE, °R : 


Pere: ee ae 


i 
Mae 
: 
: 
V 
| 
El 
ae 
i 


FIG. 18 AIR PROPERTIES 


STAGNATION PRESSURES 
4 115.5 psia 
955 psia 
75.5 psia 
60.4 psia 


Nees ST. ~ 6.2 
M~+ 58 


h, Btu/hr.-ft.2-°F 


O 2 4 6 8 10 
CHORDWISE DISTANCE FROM LEADING EDGE, INCHES 


FIG.I9 EXPERIMENTAL HEAT TRANSER COEFFICIENTS 


— jm senirentian seactions 


ViVO YSSSNVYL LV3SH JO NOILVINSSSYdSY SSAINOISNAWIG Oe ‘Sls 


YASWNN SCTIONARY 
Pay 25 


INVISNOD My) 
Oe err 
(8 45yY) YSWIS 


INVISNOO “I 
(91 434) NISSENY-NVWdVHO— 


‘3°71 WO¥S SJONVISIC 


IN3I9135309 YSSSNVYL LVSH IWWYSAHLOS! 
OL 1IN3IDISISOO YSSSNVYL LVSH IVINSWIYSdx3 JO OILVY SAILVLNSASS3Yd3syY I2°9Is 


S3HON! ‘39039 ONIGVST WOYNF JONVILSIC 
fe) 6 re) 2 ot G bv e 2 l Ou 


____ | 


(91) 434) NISSSNY 8 NYWdVHD — — — 
(21 434) WIHLHOIN 


SHNLVYSdWSL ADVSYNS LNVISNOD 4O ASVD 3SHL OL Q34Y395Su 
VIVO Y3ASSNVYL LVSH JO NOILVINSSS8d3H SSSI INOISNSAWIG 22 ‘Slg 


YSEWNN SA IONASY 


Ol Ol 
: == 01 
| INVISNOO ™, 
oes 7 lactate 
(8 4334) YSWIS 
Be” 
e,2d ou 
mo nN 
a ey 


INVLSNOOD ML 
434) NISSENY-NVWdVHO 


(91 


co Tortie < fen Er boat 


x 
x 
x 
x 


3°17 WOY¥S SJONVLSIC 


(a) 


Before Separation 


(b) 


After Separation 


Fig. 23 
Separation of Laminar Boundary Layer 


Re = 135,000/inch M = 567 
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